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Challenges 

•  Ice nucleation processes involving aerosols are key to the 
formation and properties of cirrus and mixed-phase 
clouds, and thereby can impact both the atmospheric 
radiative energy distribution and precipitation processes. 

•  Compared to droplet formation in warm clouds, ice 
nucleation is more complicated and much less 
understood. 

•  Large uncertainties exist in the representation of ice 
nucleation processes in climate models, and aerosol 
effects on mixed-phase and cirrus clouds.  
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Multiple Ice Nucleation Mechanisms 

Soluble/insoluble aerosol particle (substrate) (~10-3 – 10-5 of aerosol 
population)  
Supercooled solution droplet / cloud droplet  

Ice crystal  

 Homogeneous 

 Heterogeneous  

 Deposition 

Condensation  
Freezing 

Contact Freezing 

Immersion Freezing 

How ice crystals are formed? 

Courtesy of  G. Kulkarni 
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Modes of ice nucleation 

Hoose and Moeller, ACPD (2012) 
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Fig. 1. Schematic representation of the different nucleation modes.
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No clouds 
without aerosol 
particles 
è CCN 
 
No clouds 
without aerosol 
particles 
èIN (ice nuclei) 
 
Except freezing 
of water droplets 
at -36 °C 
 

Mixed-phase clouds Cirrus clouds 

Homogeneous 

Heterogeneous 



Science Questions 
1.  How does ice nucleation depend on aerosol properties, 

environmental conditions, and time? 
2.  What are the specific contributions of mineral dust, soot, 

organics, and biological aerosols toward ice nucleation 
and IN variability? 

3.  What measurement approaches are needed to 
characterize all relevant ice nucleation processes? 

4.  Can we reach IN-ice crystal closure at current stages of IN 
and ice crystal measurement?  If not, what areas are 
needed for improvement? 

5.  What are the roles of ice nucleation on cloud and 
precipitation properties and climate forcing?  



Q1. How does ice nucleation depend on aerosol 
properties, environmental conditions, and time? 
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•  Aerosol properties  
- Size, morphology, composition, surface coating 

 
•  Environmental conditions  

-  Temperature,  
-  Relative humidity 
-  Updraft (cooling rate) 

 
•  Time dependence 

 - Stochastic vs. singular for heterogeneous nucleation  
  
 



±5x 

ISDAC IN (3 days) conc. 
consistent with global 
parameterization 

IN conc. under-
predicted in Saharan 
(red) and Asian (blue) 
dust plumes.  
IN conc. over-predicted 
for pollution (yellow), 
smoke (green) plumes, 
and sea spray (maroon) 
particles. 
 

Ice nucleation in mixed-phase clouds 
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DeMott et al. (2010, PNAS) parameterization: T and naer,0.5 
Composition matters as well 
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Murray et al. 2012 

Immersion freezing based on aerosol surface active site 
density  

Immersion freezing efficiency depends upon the aerosol 
surface area and chemistry. 
In general, for the same aerosol size ice nucleating 
properties depend upon the aerosol chemistry.  
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CAM-­‐Oslo,	
  Hoose	
  et	
  al,	
  JAS	
  2010	
  

Ice nucleation in mixed-phase clouds: immersion 
vs. deposition vs. contact mode 

Dust 

Soot 

immersion deposition contact 

#/cm3/s 
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Role of vertical updraft (w): 
(1)  Determining supersaturation in clouds and thus relative 

importance of homogeneous vs. heterogeneous nucleation  
(2)  Determining sensitivity of Ni to aerosol number Na for 

homogeneous nucleation (larger AIE with higher w) 

Karcher et al. (2006) 
and numerical model, respectively. The thick gray curves
are the (parameterized) homogeneous freezing results
without any IN.
[42] In the case of pure homogeneous freezing, ni rises

continuously with increasing w, whereby the slight devia-
tions from a straight line (power law) are caused by aerosol
size effects. We identify two indirect effects of IN [Kärcher
and Lohmann, 2003]: first, a plateau region develops over a
wide range of w values which shifts toward higher w when
the number of IN increases. In this plateau region, after the
heterogeneous ice formation process is completed, wp !
w and ni is considerably lower than for pure homogeneous
freezing (negative Twomey effect). This effect is caused by
the IN-induced reduction of Si. In regions right of the
plateau when ni values rise again, the finite apparent
updraft speed wp < w acts to reduce the number of ice
crystals from homogeneous freezing unless wp " w.
(Note that preexisting ice particles would cause a similar
negative Twomey effect.)
[43] Second, in regions left of the plateau, the updraft

speeds are too weak to activate all available IN, i.e., we are
in the pure heterogeneous ice nucleation regime. Here, ni
values are slightly higher than for pure homogeneous
freezing (positive Twomey effect). This occurs because
the selected heterogeneous freezing threshold is smaller
than the homogeneous values (by #0.2 or more). Therefore
IN-induced ice crystals experience less supersaturation and
grow less rapidly than homogeneously nucleated crystals;
hence they are less efficient at reducing Si and allow more
crystals to be formed.
[44] We point out that the plateau region extends over

almost an order of magnitude in vertical velocities, and the
transition to the region where homogeneous freezing dom-
inates occurs only gradually over a similar range. Clearly,
the decrease of ni depends on the exact value of w, and can
range from almost zero up to a factor of 10. Our new
scheme captures this important detail and thus represents a
significant improvement over a previous analytical estimate
of the critical number of ice nuclei (in terms of w, T, and Scr)
at which the transition between the two freezing modes

occurs. An analytical estimate derived by Gierens [2003]
locates the transition point w

*
at the rightmost end of the

plateau regions shown in Figure 3 but only predicts an
abrupt increase of ni from the total number concentration of
available IN to values obtained from pure homogeneous
freezing for w > w

*
.

[45] In sum, in weak updrafts (<1–10 cm/s depending on
T and IN concentration), the addition of IN could increase
the number of ice crystals formed and lead to an indirect
effect that is similar to the traditional Twomey effect known
from warm clouds, although its dependence on aerosol
number is weaker. In stronger updrafts, the addition of IN
acts to reduce the number of ice crystals. This effect will
lead to an increase of the effective ice crystal radius and
associated changes in optical extinction, ice water content,
and cloud frequency of occurrence.
[46] The above idealized results obtained with constant

updraft speeds and selected temperatures are useful for
explaining the mechanisms controlling the indirect effects.
Variations in the freezing thresholds of IN and size distri-
bution parameters yield qualitatively similar results. A
statistical evaluation of near-global cirrus simulations car-
ried out with ensemble trajectories and a Lagrangian cirrus
model confirmed the predominance of the negative Twomey
effect, at least at midlatitudes where temperatures below
210 K are rare and mesoscale variability in cooling rates is
common [Haag and Kärcher, 2004].

4. Uncertainties

[47] The uncertainties of the parameterization schemes
for homogeneous and heterogeneous nucleation have been
mentioned previously [Kärcher and Lohmann, 2002a,
2002b, 2003]. As the combined parameterization is also
affected, we summarize and update these issues below, for
convenience.

4.1. Homogeneous Freezing

[48] Differences between results predicted by the homo-
geneous freezing scheme and numerical simulations can be

Figure 3. Total number concentration of ice crystals formed in a cooling air parcel as a function of the
vertical velocity for an initial temperature of 210 K (left panel) or 230 K (right panel). The total number
concentrations of heterogeneous ice nuclei freezing around Scr = 1.3 are indicated in the legend. The thick
gray curves represent the pure homogeneous freezing cases. The curves are results of the
parameterization, the symbols are taken from microphysical simulations performed with identical
boundary conditions.

D01205 KÄRCHER ET AL.: CIRRUS CLOUDS IN GLOBAL MODELS

7 of 11

D01205

pure homo 

T0 = 210 K 

Ice nucleation in cirrus clouds (T< -37C):  
competition of homogeneous (on sulfate) and 

heterogeneous (immersion & deposition) modes 
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Ice nucleation in cirrus clouds:  
competition of homogeneous and heterogeneous 

(immersion & deposition) modes 
1796 W. Haag et al.: Relative humidity and cirrus cloud formation

Fig. 2. Distributions of RHI above ice saturation outside of (left panel) and inside (right panel) cirrus clouds measured during INCA in Punta
Arenas (SH) and in Prestwick (NH). The distributions are normalized with the number of data points in the respective 100% bin and all
RHI values were binned into 4% intervals. The precision of the RHI measurements is ±3% (1σ -limits), with horizontal bars depicting the
3σ -limits. The colored arrows mark the cut-offs derived from the modeled distributions, taken from Fig. 1 (HOM: red, HET: blue, MIX 0.1:
black, MIX 0.001: green).

assuming thermodynamic equilibrium between the freezing
droplets and the H2O vapor (Koop et al., 2000a). It is known
that non-equilibrium effects in rapidly cooling air parcels can
increase these freezing thresholds by several percent (Haag
et al., 2003), this increase becoming larger with decreasing
temperature.
In the model case HOM, we assume homogeneous freez-

ing as the underlying cirrus formation mechanism. This im-
plies a satisfactory agreement between the freezing thresh-
olds deduced from the INCA SH data and the APSC HOM
results, and establishes high confidence in the RHI measure-
ments. In particular, the RHI data might have only a small
bias towards lower values, likely within about 5%.
The heterogeneous (HET) or mixed (MIX) freezing mech-

anisms nicely explain the observed, significantly lower cut-
off in the NH data set. Recall that contrary to case HOM,
the nominal freezing thresholds in the APSC cases MIX and
HET have been chosen on purpose to come into good agree-
ment with the NH observations. Importantly, the NH data
cannot be explained by pure homogeneous freezing of solu-
tion droplets, as cut-off values outside the 3σ -limits 132±9%
(NH) and 156±9% (SH) are extremely unlikely. As we will
show later in this section, the case HET cannot explain the
observations taken inside clouds.
While we cannot compare the slopes of the calculated and

observed distributions quantitatively as explained at the end
of Sect. 3.1, we find another remarkable agreement between
model and measurements with regard to the relative differ-

ence in the slopes. In both cases, the slope of the NH data
(cases MIX or HET) is steeper than the slope of the SH data
(case HOM). This strongly increases confidence in our pro-
posed interpretation of RHI cut-offs taken outside of cirrus
clouds with respect to freezing thresholds.
We now focus attention on f (RHI) taken inside clouds

(right panels in Figs. 1 and 2). In the SH (NH) data set, the
cut-off is centered at 164% (160%). In the SHmeasurements,
the mean cut-off found inside clouds is 8 % above the cut-off
found outside of clouds. This is consistent with the APSC
results in case HOM, where a difference of 9% is predicted.
Hence we may conclude that homogeneous freezing was

the predominant pathway to form cirrus during the SH cam-
paign. However, this does not necessarily imply that all
freezing particles were supercooled liquid droplets. Part of
the freezing aerosol in the SH may have consisted of hetero-
geneous IN which had freezing thresholds smaller but close
to the homogeneous limits (see also Sect. 3.3.3). Such poor
IN could possibly alter the core particles that remain from
evaporating ice crystals, but would not significantly affect
the observed cut-offs.
The situation is completely different in the NH measure-

ments. The observed mean cut-off ∼160% inside clouds is
significantly above the mean cut-off∼132% found outside of
clouds. This marked difference of 28% cannot be explained
by experimental uncertainty, and is not consistent with the
APSC results from case HET, in which the difference is only
13%. The model assumption in case HET regarding the

Atmos. Chem. Phys., 3, 1791–1806, 2003 www.atmos-chem-phys.org/acp/3/1791/

PDF(RHi) from observations during the Interhemispheric Differences in 
Cirrus Properties From Anthropogenic Emissions (INCA) in NH and SH 
  

Haag et al. (2003) 

Outside of cloud Inside of cloud 



Q2. What are the specific contributions of coated/
uncoated mineral dust, volcanic ash, soot, organics, and 
biological aerosols toward ice nucleation and IN 
variability? 
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•  Characteristics of nucleation efficiency of aerosol types 
 - onset T and RH, surface active site density 
 - nucleation mode (e.g., immersion, deposition) 
 
•  Effect of surface coating 
 - composition dependency 
 - coating thickness 
 - change of nucleation mode 
  
 



Smoke: prescribed 
burns (Longleaf 
Pine), Newton, GA 

Dust: Saharan 
Aerosol Layer (SAL) 

Mobile 
Laboratory 

PBAP (primary 
biological aerosol 
particles) dominant in 
large aerosol, 
Amazonian Rainforest 

Types of aerosol as ice nuclei 

Seawater spray: 
CAICE wave 
channel, Scripps/
UCSD, CA 

Industry Pollution: 
Lead, others? 

Aircraft soot  Volcanic ash 



Ice Nuclei 

" How do we know what an ice nucleus is? 
" From laboratory studies of nucleation rates/thresholds 
" From atmospheric measurements of ‘residuals’ after 

crystals are evaporated 

DeMott et al 2003, PNAS 

Low Sice Higher Sice 



Onset for heterogeneous ice nucleation 

Hoose and Möhler, ACP 2012 
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Fig. 2. Overview of ice nucleation onset temperatures and saturation ratios. Data sources are
listed in the following figures.

12600

(Some) bacteria are “special” 
à But concentrations are low 

soot 

dust bacteria 
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Immersion mode IN contribution 

DeMott et al (2010) parameterization 

Considerable scatter can be observed among the freezing efficiency 
of various aerosols. 
Mineral dust dominates the potential IN fraction, while bacterial IN 
concentration is low but effective at warmer temperatures.  

Murray et al. 2012 



Generous assumptions 
about IN activity 
(100% Ps. syr.-like,  
higher emissions) 

CAM-­‐Oslo,	
  Hoose	
  et	
  al,	
  ERL	
  2010	
  

Simulated 
freezing rate 
Uppermost estimate: 
Mean contribution of 
0.6% to 
global ice nucleation 
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Uncoated Soot

253K

Activated fraction of particles as a function of relative humidity with respect to water 
(RHw) and size. Soot particles were coated with adipic acid.  
 
Soot are poor IN in the deposition nucleation mode (left of line), but they  
can provide the surfaces to condense the water at colder conditions.  

Laboratory investigation of coated/uncoated soot aerosols 

Friedman et al., JGR (2011) 

Not clear (right of line): 
immersion mode? 



Understanding the effect of internal mixing 
(surface coating) on ice nucleation efficiency 

Irreversible 
loss of ice 
active sites 
of ATD due 
to sulfuric 
acid coating 

Sullivan et al., ACP (2010) 

R. C. Sullivan et al.: Irreversible loss of ice nucleation active sites 11477

As εH2SO4 + εATD = 1, Eq. (1) can be rearranged to derive the
volume fraction of sulphuric acid from the measured κapp
(Sullivan et al., 2009a):

εH2SO4 = κapp−κATD

κH2SO4 −κATD
(2)

κATD was found to be 0.002 during these experiments (Ta-
ble 1), which is similar to the κapp = 0.002–0.003 reported by
Herich et al. (2009). Koehler et al. (2009) reported a larger
hygroscopicity for dry-generated ATD, κapp = 0.025. This
could be due to differences between sample lots, differences
in sample handling, or the fact that Koehler et al. (2009) used
the A2 Fine grade of ATD while the A1 Ultrafine grade was
used in this study and by Herich et al. (2009). For sulphuric
acid κH2SO4 = 0.68–0.74 for dry diameters 30–80 nm (κ = 0.9
was mistakenly given in Petters and Kreidenweis, 2007 and
the correct value is reported in Shantz et al., 2008); here we
assume κH2SO4∼0.7. We did not attempt to predict the chem-
ical form of the sulphuric acid coating. Reactions with min-
eral components in ATD that form sulphate salts may have
occurred that have a different solubility and apparent hygro-
scopicity than sulphuric acid. We also assumed the same
κapp for the coating when ammonia gas was used, though
some fraction of the available sulphuric acid was converted to
ammonium sulphate salts. (NH4)2SO4 has κ = 0.61 (Petters
and Kreidenweis, 2007), slightly smaller than κH2SO4 = 0.7.
The error in the fitted sc was determined from the variability
in the repeated instrument calibrations with ammonium sul-
phate aerosol, and converted to κapp to produce an upper and
lower estimate range of εH2SO4 (Eq. 2).

3 Results

Figure 2 displays the fraction of particles that froze at−30 ◦C
during RHw scans from 75% to >110%. The untreated
ATD’s freezing efficiency increased monotonically with in-
creasing RHw. Below water saturation fIN is expected to in-
crease with RHw as higher relative humidities with respect to
water and ice allow critical ice embryo formation and growth
to occur at a larger fraction of ice-active surface sites which
possess varying ice embryo energy barriers (Vali, 1985). At
some point above water saturation, for which the particles are
immersed in cloud droplets, ice nucleation at the active sites
should no longer respond to changes in the gas-phase relative
humidity. However, changes in IN fraction do occur until
∼105% RHw. Several factors may be responsible for the in-
crease in fractional ice activation with increasing RHw above
water saturation. Higher RHw set points lead to slightly
earlier CCN activation of droplets, and larger droplets that
survive longer within the CFDC evaporation region. Using
the microphysical model of CFDC processes from Rogers
(1988) we calculate that droplets formed following CCN ac-
tivation of 300 nm (spherical equivalent) particles and grow-
ing at −30 ◦C with an assumed water mass accommodation
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Fig. 2. Fraction of 300 nm ATD particles that nucleated ice at
−30 ◦C as the relative humidity with respect to water was increased.
Data points collected at 1Hz during slow RHw scans and smoothed
using a 30 s adjacent average. Results for untreated ATD are dis-
played along with those for ATD heated in the thermodenuder (TD)
at 250 ◦C, ATD coated with sulphuric acid (SA) at 70 ◦C, and
coated ATD subsequently heated in the TD before analysis in the
CFDC. Above∼107% RHw droplets broke through the evaporation
region and could not be distinguished from ice crystals (grey box).

coefficient of 1 are expected to achieve a maximum diam-
eter of 1.7 µm at a 102% RHw set point, 2.7 µm for 105%
RHw, and 4.0 µm for 109% RHw during residence time in
the CFDC growth region. Corresponding residence times
of cloud droplets in the chamber at sizes above 1 µm are
calculated to be 3.5, 5.1, and 5.4 s at 102, 105, and 109%
RHw. The role of stochastic effects on freezing of mineral
dusts with highly heterogeneous surface properties remains
unresolved (Connolly et al., 2009; Marcolli et al., 2007; Nie-
dermeier et al., 2010a; Phillips et al., 2008; Vali, 2008), and
the 50% increase in residence times of particles immersed
in drops for supersaturations between 102 and 109% RHw
seems unlikely as a major source of stronger activation at
high RHw. The up to 4 times water volume increase (for 102
vs. 105% RHw), could affect microscale processes involving
reactions and dissolution of surface contaminants responsible
for freezing point depressions prior to heterogeneous freez-
ing. Dissolution rates and reactions appear of more likely
importance since equilibrium melting point depressions are
less than 0.1 ◦C in all cases for the solution compositions
predicted on the basis of coatings applied in this study. A
consequence of droplet survival into the CFDC evaporation
region is an additional cooling (during RH reduction to ice
saturation conditions) calculated to be up to 2.5 ◦C for a set

www.atmos-chem-phys.net/10/11471/2010/ Atmos. Chem. Phys., 10, 11471–11487, 2010
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on the ice nucleation properties of unaltered P. syringae.
These studies have also focused on warmer temperatures
than employed in the current study, so the results are not
directly comparable [Lindow et al., 1978; 1989;Möhler et al.,
2008b; Vali, 1971; Wolber et al., 1986].

3.4. Effect of Sulfuric Acid Coatings on the Ice
Nucleation Properties of SNOMAX
[31] The ice nucleation results for uncoated and sulfuric

acid coated SNOMAX particles are compared in Figures 5
and 6. Unlike the mineral dust results, the sulfuric acid coat-
ings did not hinder the ice‐nucleating ability of SNOMAX
particles.
[32] The fact that the uncoated and coated results were

similar was somewhat surprising in light of the mineral dust
results presented earlier in this paper. We offer here a few
different explanations. First, it is possible that a few SNOMAX
particles were not completely covered with the acid solution,
providing sites for ice nucleation. This did not occur in the
mineral dust studies, which had identical experimental con-
ditions. Nevertheless, it may have occurred in the SNOMAX
studies. Unfortunately, it is not possible to verify that every
particle is completely covered in our experiments. Even if
some SNOMAX particles were not covered completely,
these particles were still exposed to a dilute acid solution
(2 × 10−2 M H2SO4, pH 1.6) for 2–4 days prior to nebuli-
zation. At a minimum, our results show that long exposure to
dilute acid solutions does not modify the ice nucleation
properties of SNOMAX particles at the temperatures and
relative humidities studied.

Figure 5. Ice nucleation measurements on uncoated (closed symbols) and H2SO4 coated (open symbols)
SNOMAX particles. Data are plotted as onset RHi against surface area (cm

2). Squares and circles repre-
sent particles made using a commercially available and in‐house built nebulizer, respectively. The dashed
line in the left image represents the threshold for homogeneous freezing of sulfuric acid droplets 8 mm in
diameter at a freezing rate of 10 s−1 [Koop et al., 2000]; this line lies above water saturation for the middle
and right images.

Figure 6. Onset results for uncoated (filled symbols) and
H2SO4 coated (open symbols) SNOMAX. Open stars repre-
sent freezing of aqueous acid solution drops containing
SNOMAX inclusions from Koop and Zobrist [2009].
Error bars represent the 95% confidence intervals. Results
shown are an average of at least three separate measure-
ments. Squares and circles represent particles made using a
commercially available and in‐house built nebulizer,
respectively. The dashed line represents the threshold for
homogeneous freezing of sulfuric acid droplets 8 mm in
diameter at a freezing rate of 10 s−1 [Koop et al., 2000].

CHERNOFF AND BERTRAM.: EFFECTS OF COATINGS ON ICE NUCLEATION D20205D20205

7 of 12

Chernoff & Bertram, JGR (2010) 

Little effect of sulfate acid coating on 
SNOMAX (a proxy for biological aerosol)  

deposition immersion 
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This is remarkable considering its location in the path of dust
emissions flowing from Africa.25,42 This is a similar finding to
that of Ansmann et al.36 who showed that clouds above
Morocco remained in a supercooled state down to !18 1C
despite being colocated with Saharan dust. In contrast, Sassen
et al.43 report that Saharan dust is capable of glaciating
altocumulus clouds at temperatures between !5 and !9 1C.

The global distribution of the fraction of clouds containing
supercooled water has been measured by satellite based
LIDAR (a technique comparable to RADAR, but using laser
light).35,40 These results highlight the regional and seasonal
variability of the occurrence of supercooled water in the
atmosphere. Based on this data Choi et al.40 suggest that the
presence of dust leads to a significant reduction in cloud
albedo, counteracting the direct effect of the dust.

1.4 Consequences of ice nucleation in supercooled clouds

Despite their rarity, IN have a substantial impact on the
properties of mixed phase clouds. In part this is because IN
are rare in comparison to particles capable of serving as CCN,
but it is also related to the fact that a liquid cloud below 0 1C is
thermodynamically unstable. In many systems, including
clouds, a transition to a more thermodynamically stable state
can happen promptly despite the system having previously
persisted in a metastable state for a long period of time.44 Ice
nucleation in a small fraction of cloud droplets can trigger a
transformation in the whole cloud and substantially modify its
properties. Since ice is more stable than supercooled water
below 0 1C, ice crystals have a lower equilibrium vapour
pressure.45 This causes a water vapour concentration gradient
to form between the air around ice crystals and the super-
cooled water droplets, leading to growth of the ice crystals at
the expense of the supercooled droplets. This is known as the
Bergeron–Findeisen (sometimes referred to as the Wegener–
Bergeron–Findeisen) process.7,46 The timescale for glaciation
through this process depends on temperature and pressure and

in the middle troposphere at !20 1C the timescale is on the
order of minutes. This process is thought to be critical in many
low- and mid-level clouds, resulting in a cloud containing large
ice crystals of a considerably lower concentration than the
original liquid droplet concentration. In vigorous convective
systems a supersaturation with respect to liquid water may be
maintained, even in the presence of ice particles and under
these conditions both ice and supercooled droplets will
grow.47,48 If sufficiently large ice crystals form, they can collide
with supercooled droplets, which freeze on contact in a process
referred to as riming. This collision coalescence process is an
important mechanism in the formation of rain and hail.
Cloud glaciation is further complicated by ice multiplication

mechanisms (also termed secondary ice production processes).
The mechanism which has received most attention is the
Hallett–Mossop process49 in which riming at around !3 to
!8 1C (most effective at !5 1C) leads to ice splinters being
ejected, yielding ice crystal concentrations that are orders of
magnitude higher than IN concentrations.29,50–52 This process
requires supercooled water droplets with a diameter greater
than 24 mm and relative impact velocities need to be greater
than 1.4 m s!1.49,53 Pruppacher and Klett7 present data which
suggests ice multiplication mechanisms are important above
about !20 1C, which is significantly below the temperature
range where the Hallett–Mossop process is known to be active.
This is thought to be due to the break-up of fragile dendrites
which can form in this temperature range,7,54 but ice multi-
plication mechanisms remain an area of significant uncer-
tainty. From the point of view of ice nucleation, any IN
active in a regime relevant for ice multiplication will have a
disproportionate impact on cloud glaciation.

1.5 Modes of ice nucleation in mixed phase clouds

There are a number of ways in which aerosol particles are
thought to trigger ice nucleation in the atmosphere. These are:
(i) deposition nucleation, which occurs when vapour directly
deposits onto a solid surface as ice. (ii) Immersion freezing,
which happens when ice nucleates on a solid particle immersed
within a supercooled liquid droplet. (iii) Condensation freez-
ing, which occurs when water vapour condenses on a solid
particle, possibly due to the presence of some hygroscopic
material, and then freezes (this is sometimes referred to as
deliquescence freezing55 and is sometimes classed together with
immersion freezing31 or deposition freezing56,57). (iv) Contact
freezing, in which a solid particle collides with a supercooled
liquid droplet, resulting in ice nucleation.7,58 In addition to
these standard modes of nucleation, an ‘inside-out’ nucleation
process has been identified in which solid particles immersed
within a droplet come into contact with the air–water interface
and only then initiate freezing.59–61 It has been proposed that
this may occur while a droplet evaporates.59

In many situations field data and modelling studies indicate
that liquid water droplets are a prerequisite for ice formation.
This implies that deposition nucleation plays a secondary
role under mixed phase cloud conditions. Westbrook and
Illingworth62 used radar and lidar measurements to show that
95% of ice particles which formed at temperatures above!20 1C
originate within supercooled clouds. In a study of altocumulus

Fig. 1 The fraction of mid-level stratus clouds which contained ice

determined using polarization lidar in a number of locations. This data

is taken from Kanitz et al.41 and is further discussed in other

articles.37,39 The clouds examined in this work were mainly within

the altitude range 2–8 km and were mostly less than 1 km thick with

small optical depths.
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(ANT‐XXVI, October 2009 – May 2010, ANT‐XXVII,
October 2010 – May 2011) to extend our lidar cloud studies
toward the southern hemisphere, i.e., to moderately to almost
unpolluted areas. We performed lidar observations of clouds
aboard the RV Polarstern during the cruise from Germany to
Chile in October‐November 2009, and back to Germany in
April‐May 2010, and during another cruise to South Africa
in October‐November 2010. We deployed the lidar at Punta
Arenas (53.2°S, 70.9°W), Chile, in late November 2009
(before the RV Polarstern moved on to Antarctica) and
performed continuous observations from 4 December 2009
to 4 April 2010. The same lidar was deployed one year later
at Stellenbosch (33.9°S, 18.9°E), 60 km east of Cape Town,
South Africa, and performed lidar observations from
2 December 2010 to 13 April 2011. Figure 1 provides an
overview of the three cruises of the RV Polarstern and the
locations of the lidar sites in South America and South
Africa. Cape Verde (14.9°N, 23.5°W) and Leipzig (51.3°N,
12.4°E) are also indicated in Figure 1. As Leipzig, Punta
Arenas is located at a high latitude (>50°) and the INCA
study [Gayet et al., 2004] already indicated similar meteo-
rological conditions in the free troposphere at these high
midlatitudes north and south of the equator. Thus, a possible
impact of aerosols on the initiation of ice nucleation should
become visible by contrasting the cloud observations at
Leipzig and Punta Arenas.
[7] The methodology applied in this study is described in

detail by Ansmann et al. [2009] and Seifert et al. [2010]. A
portable multiwavelength Raman and polarization lidar
system PollyXT was used for cloud observations. The lidar
was designed to perform automated and remotely controlled
lidar measurements [Althausen et al., 2009]. Laser pulses
are transmitted at 355, 532 and 1064 nm with a repetition
rate of 20 Hz. The outgoing 355 nm laser pulses are linearly
polarized and the cross‐polarized and total backscatter sig-

nals are measured. From these signals the volume depolar-
ization ratio is computed and used to discriminate cloud
layers with dominating liquid drop backscattering from
layers with ice crystal backscattering (see Seifert et al.
[2010] for more details). The laser beams are tilted (5° off
zenith angle) to avoid specular reflection by horizontally
aligned planar ice crystals which complicates cloud‐phase
discrimination. We should emphasize here that we can only
identify those clouds as ice‐containing clouds which produce
a significant amount of ice and thus precipitation (virgae). If
ice crystals form but do not show up below the cloud layer
we will not be able to identify this cloud as mixed‐phase
cloud. All these clouds are then counted as liquid‐water
clouds. However, the good agreement between lidar and
aircraft observations regarding statistics of ice‐containing
clouds [Seifert et al., 2010] indicates that our method pro-
vides a trustworthy view on cloud phase statistics.
[8] At Punta Arenas, the 355 nm depolarization channel

worked properly only during the first seven weeks of the
four‐month long campaign. Clouds, observed during the
second half were classified as ice‐containing clouds when
they produced virgae. It was found during the first half of
the campaign that all virgae were ice crystal fall streaks. In
the case of cloud layers without virgae, we identified the
liquid‐water clouds from the combination of observed cloud
temporal development (less variable than ice‐containing
clouds), geometrical depth (usually thin), and cloud extinc-
tion coefficient (>1000 Mm−1). Pure liquid‐water clouds
with virgae consisting of drops only would be misinterpreted
as ice‐containing clouds which would lead to an overesti-
mation of the ice‐containing cloud fraction.
[9] A cloud layer is defined as one single cloud layer,

when it is separated from adjacent ones by 500 m in the
vertical or by 5 minutes in time. Long‐lasting upper‐level
cloud layers, temporally not visible because of the presence
of optically thick low‐level clouds, are counted as one cloud
layer. It is assumed in our approach that ice formation is
initiated at cloud top, i.e., in the coldest part of the cloud
layer [Lebo et al., 2008]. The respective cloud top temper-
ature for each observed cloud was calculated from GDAS1‐
data that are based on the global data assimilation system
GDAS (Global Data Analysis System, http://www.arl.noaa.
gov/gdas.php). The analysis of the model‐derived tem-
peratures and temperatures from rarely launched nearby
radiosonde ascents show deviations of the order of 1.5 K or
less in the height range from 2 to 10 km.

3. Observations

[10] Cloud observations with a lidar are restricted to
clouds with optical depths of <2.5 at visible wavelengths.
Only for these clouds (transparent for laser light), the top of
the cloud can be identified which is a basic requirement in
the study of heterogeneous ice formation as a function of
temperature. Thus, the following investigation is mainly
based on layered clouds in the free troposphere from 2–8 km
height.
[11] Figure 2 shows frequency‐of‐occurrence distributions

of cloud depth and cloud top height of all liquid and ice‐
containing clouds (mixed‐phase and cirrus cloud layers)
considered in our study. The observations at Leipzig cover
the summer months (April to September) of the years
from 1997–2008. About 1100 cloud layers (on average

Figure 1. RV Polarstern cruises to Punta Arenas (autumn
2009, ANT‐XXVI/1), back to Bremerhaven (spring 2010,
ANT‐XXVI/4)), and to Cape Town (autumn 2010, ANT‐
XXVII/1), and lidar field sites, at which cloud observations
used in this study were performed.
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Effect of different types of aerosols on mixed-phase 
clouds 

Kanitz et al., GRL (2011) 

Anthropogenic IN? 



Q3. What measurement approaches are needed to 
characterize all relevant ice nucleation processes? 

24  



Needs and issues for using different IN 
measurement methods 

" Atmospheric IN activity spans many orders of magnitude 
(see earlier). Access to the warm temperature regime of 
very low IN concentrations requires different methods 
than are easily used at lower temperatures.  
à Need to concentrate air samples or collect large 
volumes for offline analysis. 
 

" Different methods emphasize different mechanisms, 
which is needed. 

" All have characteristic measurement times and potential 
artifacts. 



 A host of representative IN measurement 
methods 

-Cloud chambers 
-Continuous flow 
chambers 
-Particle/droplet traps 
-Static chamber for 
particle processing or 
droplet freezing 
-Drop freezing arrays 
(not shown) 



Use clouds to measure IN: e.g., ICE-L 
methods 



Q4. Can we reach IN – ice crystal closure at current 
stages of IN and ice crystal measurement?  If not, what 
areas are needed for improvement? 

29  

•  Inter-consistency between IN and ice crystal numbers in 
clouds 

  - importance of secondary ice formation in some types of 
clouds 

 
  - role of other cloud processes other than ice nucleation, 

e.g., aggregation and sedimentation of ice crystals 
 
  
 



Ice Nucleation and Ice Lifecycle 

DeMott et al 2011 BAMS 



Q5. What are the roles of ice nucleation on cloud and 
precipitation properties and climate forcing?  
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Resilience of persistent Arctic mixed-phase 
clouds  

33  
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is resilient and o!en lasts for several days18,23–26, transitions between 
it and the radiatively clear state typically occur over timescales of 
hours or less52. "ese transitions are accompanied by sharp changes 
in clouds, turbulence, radiation, surface energy budget and atmos-
pheric thermodynamic pro#les. Observed time trajectories of one 
to #ve days from SHEBA (Fig. 4b) provide examples of transitions 
between radiatively clear conditions and low-level mixed-phase 
clouds (or vice versa) in the phase space of net surface longwave 
radiation versus surface pressure, similar to ref. 82. "ese trajecto-
ries show the system slowly evolving within either the mixed-phase 
state (with net longwave radiation near 0 W m−2) or radiatively 
clear state (with net longwave radiation near −40 W m−2), until it 
rapidly transitions to the other state. "us, system evolution seems 
to be in&uenced both by slow- and fast-timescale processes. Slow-
timescale processes are generally associated with the large-scale 
meteorological environment (for example, large-scale advection of 
water vapour shown in the conceptual model; Fig. 3), with a char-
acteristic timescale on the order of a day or longer. Fast-timescale 
processes are associated with local process interactions between 
clouds, radiation, aerosol, turbulence and the surface as depicted 
in Fig. 2, with characteristic timescales on the order of one hour 
or less. Although fast processes typically interact in ways that lead 
to resilience of the state, they can drive rapid evolution and tran-
sition between states if these interaction pathways are disrupted45. 
"e importance of both fast- and slow-timescale processes may 
explain why it has been di'cult to clearly relate these Arctic states 
to large-scale environmental conditions. For example, despite being 
able to correlate the opaquely cloudy and radiatively clear states 
with surface pressure, the authors82 were unable to identify speci#c 
processes or mechanisms that explain this relationship.

Interactions between fast-timescale, local processes and slow-
timescale, large-scale environmental processes have been described 
for subtropical marine boundary layer clouds85,86. "ese interac-
tions tend to occur along slowly evolving surfaces in phase space, 
called slow manifolds86. Slow manifolds may also be a helpful way 

to understand interaction of the persistent mixed-phase cloud state 
with the large-scale Arctic environment. In the examples shown in 
Fig. 4b, individual time trajectories of observed net surface long-
wave radiation and surface pressure from SHEBA82 evolve along 
slow manifolds corresponding to either the mixed-phase or radia-
tively clear state as the large-scale environment (in this illustra-
tion, surface pressure) changes. "is slow evolution is punctuated 
by sudden transition from one state to the other, followed again by 
slow evolution along the other manifold. (Note, however, that not 
all transitions between these two states follow such clear paths.) We 
hypothesize that local process interactions, as depicted in Fig. 2 for 
the mixed-phase cloud state, tend to keep trajectories ‘slaved’ to the 
slow manifolds86, leading to resilience and persistence of the states. 
However, if changes to the large-scale environment are signi#cant 
enough to disrupt these local process interactions, then transition 
between the manifolds may occur.

Large eddy simulations of the Arctic boundary layer45,48 provide 
support for this hypothesis. For example, the mixed-phase state can 
be maintained by local process interactions even when there is a 
drying of the large-scale environment through advection and pre-
cipitation48, but if the drying is large enough and supercooled water 
is reduced below the amount required to maintain su'cient cloud-
top radiative cooling and production of turbulence, rapid transi-
tion to the radiatively clear state occurs45. Similar transition from 
a well-mixed, stratocumulus-topped boundary layer to a partly 
cloudy, decoupled boundary layer occurs in the subtropical marine 
environment when cloud water and hence radiative cooling are suf-
#ciently reduced86.

Limitations
Our understanding of Arctic mixed-phase clouds has progressed 
signi#cantly over the past few decades, but a number of unresolved 
issues remain. As in other geographical regions, the primary con-
cern is that of relating the statistical properties of clouds to the 
larger-scale meteorological environment87,88.
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Figure 3 | A conceptual model that illustrates the primary processes and basic physical structure of persistent Arctic mixed-phase clouds. The main 
features are described in text boxes, which are colour-coded for consistency with elements shown in the diagram. Characteristic profiles are provided of 
total water (vapour, liquid and ice) mixing ratio (qtot) and equivalent potential temperature (θE). These profiles may di"er depending on local conditions, 
with dry versus moist layers/moisture inversions above the cloud top, or coupling versus decoupling of the cloud mixed layer with the surface. Cloud-top 
height is 0.5–2#km. Although this diagram illustrates many features, it does not fully represent all manifestations of these clouds.
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in updrafts and downdrafts is determined by Sl, but since
Si ! ∣Sl∣, the relative difference between Si in updrafts and
downdrafts is negligible and barely noticeable in Figure 3.
As a result, identical ice particles would experience similar
deposition growth rates in updrafts and downdrafts, consis-
tent with the theoretical consideration of the growth rate of
droplets and ice particles in mixed phase clouds [Korolev,
2008].
[19] An about 50% higher ice growth rate in the updrafts

than in downdrafts is related primarily to the updrafts con-
taining larger ice particles rather than these regions having a
marginally higher Si. For constant concentration, larger par-
ticles mean larger qice in the updrafts, which is indeed the case
in Figure 3. With little to no riming and aggregation growth,

Figure 6. Time series of (a) the difference between the net
condensation rate, Cnet, in the mixed layer (450–950 m) and
precipitation rate at the bottom of that layer, P450 m, (b) pre-
cipitation rate at 450‐m level,P450 m, and (c) precipitation rate
at the surface, Psrf, for the BASE, NO_ICE and HI_ICE simu-
lations. The liquid‐only cloud (NO_ICE) does not precipitate.
Positive/negative rates in Figure 6a correspond to net
increase/decrease of condensate mass in the mixed layer.
Smaller precipitation rates at the surface than at 450 m indi-
cate sublimation of ice below the mixed layer.

Figure 5. Time series of (a) liquid water path, LWP, (b) ice
water path, IWP, (c) the total condensed water path,
LWP+IWP, and (d) the net longwave radiative flux diver-
gence, Frad, LW, in the mixed layer (450 to 950 m) for the
BASE, NO_ICE and HI_ICE simulations. Larger negative
values of Frad, LW indicate stronger cooling of the mixed
layer.

OVCHINNIKOV ET AL.: EFFECT OF ICE ON CLOUD DYNAMICS D00T06D00T06

6 of 15

in updrafts and downdrafts is determined by Sl, but since
Si ! ∣Sl∣, the relative difference between Si in updrafts and
downdrafts is negligible and barely noticeable in Figure 3.
As a result, identical ice particles would experience similar
deposition growth rates in updrafts and downdrafts, consis-
tent with the theoretical consideration of the growth rate of
droplets and ice particles in mixed phase clouds [Korolev,
2008].
[19] An about 50% higher ice growth rate in the updrafts

than in downdrafts is related primarily to the updrafts con-
taining larger ice particles rather than these regions having a
marginally higher Si. For constant concentration, larger par-
ticles mean larger qice in the updrafts, which is indeed the case
in Figure 3. With little to no riming and aggregation growth,

Figure 6. Time series of (a) the difference between the net
condensation rate, Cnet, in the mixed layer (450–950 m) and
precipitation rate at the bottom of that layer, P450 m, (b) pre-
cipitation rate at 450‐m level,P450 m, and (c) precipitation rate
at the surface, Psrf, for the BASE, NO_ICE and HI_ICE simu-
lations. The liquid‐only cloud (NO_ICE) does not precipitate.
Positive/negative rates in Figure 6a correspond to net
increase/decrease of condensate mass in the mixed layer.
Smaller precipitation rates at the surface than at 450 m indi-
cate sublimation of ice below the mixed layer.

Figure 5. Time series of (a) liquid water path, LWP, (b) ice
water path, IWP, (c) the total condensed water path,
LWP+IWP, and (d) the net longwave radiative flux diver-
gence, Frad, LW, in the mixed layer (450 to 950 m) for the
BASE, NO_ICE and HI_ICE simulations. Larger negative
values of Frad, LW indicate stronger cooling of the mixed
layer.

OVCHINNIKOV ET AL.: EFFECT OF ICE ON CLOUD DYNAMICS D00T06D00T06

6 of 15

Ovchinnikov et al. JGR, 2011 

Role of ice crystals on Arctic mixed-phase 
clouds (ISDAC April 26, 2008)  
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Liquid/ice partitioning in single-layer mixed-phase 
clouds during ISDAC (April 26)  



Effect of ice nucleation in mixed-phase clouds 

DeMott et al. (2010) 
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Environ. Res. Lett. 3 (2008) 025003 C Hoose et al

Figure 13. Difference between present-day and preindustrial runs of annual mean sea salt emission fluxes in simulations (a) MIX and
(b) MIX-nBC.

Figure 14. Schematic of aerosol indirect effects in warm and mixed-phase clouds. The glaciation indirect has been introduced by Lohmann
(2002a). The ‘deactivation indirect effect’ proposed in this study is strongest for dust composed of a mineral which is inefficient in initiating
freezing in the immersion mode (like kaolinite).

4. Discussion and conclusions

In the global climate model ECHAM5-HAM, we take the
dependence of heterogeneous freezing on the composition of
aerosol particles available for ice nucleation into account. Two
types of mineral dust, montmorillonite and kaolinite, and black
carbon are considered as ice nuclei. Uncoated particles can
initiate contact freezing, while coated particles are potential
immersion nuclei, which are active at lower temperatures.

In addition to sensitivity simulations which assume
all dust to act as kaolinite/montmorillonite ice nuclei, we
present simulations with a three-dimensional atmospheric
dust mineralogical composition, which is calculated offline.
The simulated dust composition is more uniform than point
measurements of atmospheric dust samples from different
continents. In general, the kaolinite content seems to be
overestimated.

In our simulations, contact freezing by black carbon is the
dominating freezing process, due to high black carbon number
concentrations, and due to the small particle size and high
Brownian collision efficiency of black carbon. Freezing on
dust occurs in both the contact and immersion freezing modes
if the dust is composed of montmorillonite (a highly efficient

ice nucleus), and almost exclusively in the contact mode if the
dust is composed of kaolinite (a less efficient ice nucleus).
In the present-day climate, anthropogenic sulfate emissions
lead to enhanced coating of dust particles, and therefore
quasi-deactivate kaolinite ice nuclei. This deactivation effect
counteracts the glaciation indirect effect, which suggests
an increase of cloud glaciation and precipitation formation
resulting from the increase of black carbon ice nuclei resulting
from anthropogenic activity (figure 14). The coating and
deactivation of natural IN leads to less frequent glaciation of
mixed-phase clouds, and therefore less precipitation via the ice
phase, longer cloud lifetimes, and increased cloud cover and a
higher global cloud albedo, resulting in an increase in reflected
solar radiation. It reinforces the aerosol indirect effects on
warm clouds. The magnitude of the deactivation effect depends
on the freezing efficiency of dust and thus on the mineralogical
composition.

In general, we find a smaller effect of the different
dust compositions than a previous study with the ECHAM4
model by Lohmann and Diehl (2006). First of all, the
coating and deactivation of dust ice nuclei by anthropogenic
sulfate, which counteracts the glaciation indirect effect, was
not taken into account in ECHAM4. Furthermore, in

12

Aerosol indirect effect in warm and mixed-
phase clouds 

Lohmann GRL (2002); Hoose et al. ERL (2008) 
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Aerosol indirect effect in warm and mixed-
phase clouds 

Lohmann GRL (2002) 

in both BC1% and BC10% are much smaller than the liquid water
content decreases because the precipitation formation via the ice
phase is more efficient.
[13] Figure 3 illustrates the zonally-averaged differences

between pre-industrial to present-day times for the 3 scenarios.
The aerosol burden, defined as the vertically integrated aerosol
mass, increases almost everywhere from pre-industrial to
present-day times. Note that the concentrations of dust and sea
salt vary slightly between pre-industrial and present-day times
because of small differences in near surface winds. These
differences in sea salt and dust emissions cause the slight
decreases in aerosol burden from pre-industrial times in
BC10% at 10!N and 40!N.
[14] The increase in Northern Hemisphere (N.H.) aerosol bur-

den is largest in the low and mid latitudes in BC0% because of a
positive feedback. The higher aerosol concentrations result in more
cloud condensation nuclei and more cloud droplets. Clouds with
more but smaller cloud droplets do not form precipitation as readily
as clouds with larger cloud droplets so that the N.H. liquid water
path increases most BC0% and the N.H. precipitation decreases in
BC0% in present-day times as compared to pre-industrial times.
Thus, less aerosols are removed from the atmosphere by in-cloud
and below-cloud scavenging but are available as cloud condensa-
tion nuclei. The more but smaller cloud droplets reflect more
shortwave radiation back to space without any systematic effect on
the outgoing longwave radiation.
[15] In BC1% and BC10% the same processes happen except

that now the supercooled clouds that do not precipitate due to the
absence of drizzle size drops, have a higher probability of glaciat-
ing, which initiates the precipitation formation. Therefore, the
precipitation is enhanced in BC10% in present-day times in N.H.
midlatitudes removing more anthropogenic aerosols from the

atmosphere than in BC0%. Moreover, total cloud cover in N.H.
mid and high latitudes decreases significantly in BC10% whereas it
remains almost the same in BC0% so that more shortwave
radiation is absorbed in the Earth-atmosphere system in BC10%.
This in turn increases the surface evapotranspiration that balances
precipitation globally. The increase in absorbed solar radiation is
compensated by a larger amount of longwave radiation emitted to
space.
[16] Table 1 summarizes the absolute and relative global

annual mean changes due to anthropogenic aerosols. The aerosol
burden increases 1.1 Tg in the simulation BC10% and 2.6 Tg in
BC0% indicative of different scavenging efficiencies. Whereas
the liquid water path increases by 18 g m!2 in BC0%, it only
increases by 8 g m!2 in BC1% and actually decreases by 3 g
m!2 in BC10%. In BC0% the cloud lifetime effect reduces
precipitation formation and with that the most important aerosol
sink and thus the liquid water path increases. There are no
significant changes in the strength of the atmospheric circulation
(not shown) so the effects presented here are microphysical. The
glaciation indirect effect eliminates the increase in liquid water
path due to anthropogenic aerosols in BC10% and partially
offsets it in BC1%. Most of these glaciated clouds precipitate
effectively so that the ice water path is only slightly increased in
both BC1% and BC10%. The more modest changes in liquid
water path in BC1% and BC10% from pre-industrial times are
more in-line with the recent findings from satellite data [Naka-
jima et al., 2001] who detected a positive correlation between
cloud optical thickness and aerosol number concentration but did
not find a dependence of the liquid water path on aerosol
number.

[17] Whereas the net shortwave radiation in BC0% and
BC1% decreases between pre-industrial times and present-day,
it actually increases in BC10% because of an overall reduction
in cloud amount. This, in turn, causes more longwave radiation
to be emitted to space, which drives the decrease in net
radiation of 1.6 W m!2 in BC10% from pre-industrial to
present-day times. In BC0%, on the other hand, the longwave
radiation hardly changes so that the decrease in net radiation of
1.4 W m!2 from pre-industrial to present-day times is driven by
the decrease in shortwave radiation. Although the differences
due to the fraction of soot serving as contact nuclei on the net
radiation are small, the signs of the shortwave and longwave
radiation can be completely reversed.
[18] In summary, if a non-negligible fraction of soot aerosols

acts as ice nuclei, the glaciation indirect aerosol effect could
reverse or at least reduce the effect that anthropogenic aerosols
have on the shortwave radiation at the top of the atmosphere.

Figure 3. Zonal annual mean changes between present-day and
pre-industrial times for the experiments BC10% (solid line), BC1%
(dot-dashed line) and BC0% (dotted line).

Table 1. Global Annual Mean Changes in Aerosol Burden (!AB,
Tg), Liquid Water Path (!LWP, g m!2), Ice Water Path(!IWP, g
m!2), Total Cloud Cover (!TCC, %), Precipitation (!PR, mm
d!1), Shortwave (!FSW, W m!2), Longwave (!FLW, W m!2) and
Net Radiation (!Fnet, W m!2) at the Top of the Atmosphere
Between the Pre-industrial Simulation and the Different Present-
day Simulations

Simulation BC10% BC1% BC0%

!AB 1.1 (9) 1.6 (13) 2.6 (22)
!LWP !2.9 (!3) 7.9 (8) 18.5 (18)
!IWP 0.6 (8) 0.2 (3) 0.1 (1)
!TCC !1.3 (!2) !0.3 (0) 0. (0)
!PR 0.05 (2) !0.02 (!1) !0.05 (!2)
!FSW +1.9 (1) !1.0 (0) !2.0 (!1)
!FLW !3.5 (2) !0.5 (0) !0.6 (!0)
!Fnet !1.6 !1.5 !1.4

Relative changes in % with respect to pre-industrial values are added in
parenthesis.
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in both BC1% and BC10% are much smaller than the liquid water
content decreases because the precipitation formation via the ice
phase is more efficient.
[13] Figure 3 illustrates the zonally-averaged differences

between pre-industrial to present-day times for the 3 scenarios.
The aerosol burden, defined as the vertically integrated aerosol
mass, increases almost everywhere from pre-industrial to
present-day times. Note that the concentrations of dust and sea
salt vary slightly between pre-industrial and present-day times
because of small differences in near surface winds. These
differences in sea salt and dust emissions cause the slight
decreases in aerosol burden from pre-industrial times in
BC10% at 10!N and 40!N.
[14] The increase in Northern Hemisphere (N.H.) aerosol bur-

den is largest in the low and mid latitudes in BC0% because of a
positive feedback. The higher aerosol concentrations result in more
cloud condensation nuclei and more cloud droplets. Clouds with
more but smaller cloud droplets do not form precipitation as readily
as clouds with larger cloud droplets so that the N.H. liquid water
path increases most BC0% and the N.H. precipitation decreases in
BC0% in present-day times as compared to pre-industrial times.
Thus, less aerosols are removed from the atmosphere by in-cloud
and below-cloud scavenging but are available as cloud condensa-
tion nuclei. The more but smaller cloud droplets reflect more
shortwave radiation back to space without any systematic effect on
the outgoing longwave radiation.
[15] In BC1% and BC10% the same processes happen except

that now the supercooled clouds that do not precipitate due to the
absence of drizzle size drops, have a higher probability of glaciat-
ing, which initiates the precipitation formation. Therefore, the
precipitation is enhanced in BC10% in present-day times in N.H.
midlatitudes removing more anthropogenic aerosols from the

atmosphere than in BC0%. Moreover, total cloud cover in N.H.
mid and high latitudes decreases significantly in BC10% whereas it
remains almost the same in BC0% so that more shortwave
radiation is absorbed in the Earth-atmosphere system in BC10%.
This in turn increases the surface evapotranspiration that balances
precipitation globally. The increase in absorbed solar radiation is
compensated by a larger amount of longwave radiation emitted to
space.
[16] Table 1 summarizes the absolute and relative global

annual mean changes due to anthropogenic aerosols. The aerosol
burden increases 1.1 Tg in the simulation BC10% and 2.6 Tg in
BC0% indicative of different scavenging efficiencies. Whereas
the liquid water path increases by 18 g m!2 in BC0%, it only
increases by 8 g m!2 in BC1% and actually decreases by 3 g
m!2 in BC10%. In BC0% the cloud lifetime effect reduces
precipitation formation and with that the most important aerosol
sink and thus the liquid water path increases. There are no
significant changes in the strength of the atmospheric circulation
(not shown) so the effects presented here are microphysical. The
glaciation indirect effect eliminates the increase in liquid water
path due to anthropogenic aerosols in BC10% and partially
offsets it in BC1%. Most of these glaciated clouds precipitate
effectively so that the ice water path is only slightly increased in
both BC1% and BC10%. The more modest changes in liquid
water path in BC1% and BC10% from pre-industrial times are
more in-line with the recent findings from satellite data [Naka-
jima et al., 2001] who detected a positive correlation between
cloud optical thickness and aerosol number concentration but did
not find a dependence of the liquid water path on aerosol
number.

[17] Whereas the net shortwave radiation in BC0% and
BC1% decreases between pre-industrial times and present-day,
it actually increases in BC10% because of an overall reduction
in cloud amount. This, in turn, causes more longwave radiation
to be emitted to space, which drives the decrease in net
radiation of 1.6 W m!2 in BC10% from pre-industrial to
present-day times. In BC0%, on the other hand, the longwave
radiation hardly changes so that the decrease in net radiation of
1.4 W m!2 from pre-industrial to present-day times is driven by
the decrease in shortwave radiation. Although the differences
due to the fraction of soot serving as contact nuclei on the net
radiation are small, the signs of the shortwave and longwave
radiation can be completely reversed.
[18] In summary, if a non-negligible fraction of soot aerosols

acts as ice nuclei, the glaciation indirect aerosol effect could
reverse or at least reduce the effect that anthropogenic aerosols
have on the shortwave radiation at the top of the atmosphere.

Figure 3. Zonal annual mean changes between present-day and
pre-industrial times for the experiments BC10% (solid line), BC1%
(dot-dashed line) and BC0% (dotted line).

Table 1. Global Annual Mean Changes in Aerosol Burden (!AB,
Tg), Liquid Water Path (!LWP, g m!2), Ice Water Path(!IWP, g
m!2), Total Cloud Cover (!TCC, %), Precipitation (!PR, mm
d!1), Shortwave (!FSW, W m!2), Longwave (!FLW, W m!2) and
Net Radiation (!Fnet, W m!2) at the Top of the Atmosphere
Between the Pre-industrial Simulation and the Different Present-
day Simulations

Simulation BC10% BC1% BC0%

!AB 1.1 (9) 1.6 (13) 2.6 (22)
!LWP !2.9 (!3) 7.9 (8) 18.5 (18)
!IWP 0.6 (8) 0.2 (3) 0.1 (1)
!TCC !1.3 (!2) !0.3 (0) 0. (0)
!PR 0.05 (2) !0.02 (!1) !0.05 (!2)
!FSW +1.9 (1) !1.0 (0) !2.0 (!1)
!FLW !3.5 (2) !0.5 (0) !0.6 (!0)
!Fnet !1.6 !1.5 !1.4

Relative changes in % with respect to pre-industrial values are added in
parenthesis.
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A Roadmap 

•  Intercompare existing instruments with different 
designs and/or operational principles. 

•  Explore consistency in interpretation of ice 
nucleation data 

•  Define capabilities/uncertainties for measuring 
atmospheric IN concentrations (versus “high signal” 
lab data)  

 
 

àOrganize a workshop in the laboratory and field 
(as in DeMott et al. 2011) 



A Roadmap 
•  Laboratory investigation of ice nucleation mechanisms at 

process level.  
 
      - soot in the immersion mode 
      - effect of surface coating, including coating thickness 
      - ice nucleation at cold (T<-60C) and warm (T>-15C) 

temperatures 
      - role of biological aerosol (e.g., from marine source) 
      - contact freezing 
       
 



A Roadmap 

•  Propose dedicated IOPs on ice nuclei in a specific aerosol 
source region (desert, industrial pollution, fire, biological 
aerosol, and soot).  

•  Explore other opportunities for ice nuclei measurements in 
different locations (e.g., GOAmazon 2014+1); routine IN 
measurements at ACRF sites. 

•  Propose an ACRF measurement in Southern Ocean would 
be a good place to study glaciation of mixed-phase clouds in 
SH storm track region.  



A Roadmap 

•  Analysis of current data : ISDAC, M-PACE, SpartiCus, MC3E 
 Ni, IWC – T, RH, w, aerosol (size, composition) 

 
•  Process level understanding with cloud resolving models 

(CRM) and single column model (SCM) for IOP and ACRF 
cases 
 - examine the roles of ice nucleation and other cloud 

processes on ice-containing clouds (Arctic stratus, cirrus and 
convective clouds) 

  

•  Quantify the uncertainties of ice nucleation on ice-containing 
clouds and radiative forcing in climate models 


